We hypothesized that MAP kinase-interacting serine/threonine kinase 2 (MNK2) may contribute to non-small cell lung cancer (NSCLC) development, and serve as a new therapeutic target. Immunohistochemical staining evaluated the correlation between MNK2 expression and clinicopathological features in 367 NSCLC cancer tissues. We determined the effects of MNK2 silencing in NSCLC cell lines in vitro and in vivo. RT-PCR and western blotting was used to examine the impact of MNK2 on ERK and AKT pathways. MNK2 was overexpressed in NSCLC cell lines and tumor tissues. Patients with MNK2 overexpression had lower OS rates (P < 0.001). High expression of MNK2 was correlated with lymph node metastasis (P = 0.008). MNK2 functioned as an independent prognostic factor for poor survival in patients with NSCLC (P = 0.003). MNK2 down-regulation inhibited proliferation, migration and invasion in vitro (P < 0.001), and reduced tumor growth and invasion in nude mice (P < 0.05). MNK2 enhanced phosphorylation of eIF4E, a downstream target of ERK and AKT pathways, which promoted NSCLC proliferation and invasion. We conclude that MNK2 overexpression in NSCLC is associated with proliferation, migration, invasion, and lower survival rates in patients via the phosphorylated eIF4E-mediated signaling pathway.
(ERK)-interacting clone as probe. MNK can bind to phosphorylated eukaryotic translation initiation factor 4E (eIF4E) to mediate early gene transcription, leading to cell proliferation or differentiation through the ERK-MAPK pathway 5, 6 . Phosphorylated eIF4E (p-eIF4E) is overexpressed in a broad spectrum of human cancers, including cancer of lung, gastric, prostate, colorectal, breast, and penile, when compared with matched adjacent normal tissues [7] [8] [9] [10] [11] . Indeed, eIF4E is highly phosphorylated in these tumors and correlates with poor survival and tumor progression, particularly in the early stage of tumorigenesis [7] [8] [9] 11 . Serine 209 of eIF4E is the best known phosphorylation site of MNKs [10] [11] [12] [13] [14] . The effect of eIF4E on tumor has been investigated by studying the mechanisms of MNKs. It was reported that MNK1/2 phosphorylation of eIF4E on serine 209 involves anti-apoptotic activity enhancement, and eIF4E's oncogenic action promotes tumorigenesis, tumor development, and cell transformation 9, 10, 12, 13, 15, 16 . MNK1/2 deficiency presents a non-detectable level of eIF4E phosphorylation, delays tumor development, and decreases in vitro oncogenic activity of glioma cells 17 . Negative feedback of MNK/eIF4E pathway results in generation of anti-apoptotic, pro-survival signals 18 . MNK2 knockout mice show no eIF4E phosphorylation and have significantly attenuated tumor growth 16, 19 . P-MNK1 and p-eIF4E were elevated in nasopharyngeal carcinoma, astrocytoma, and ovarian cancer, predicting poor prognosis [20] [21] [22] . But there were less report that MNK2 has been associated with tumor prognosis. Because of MNK1/2 kinases are dispensable for cell growth and embryogenesis, and MNK2 has higher constitutive ability to phosphorylate eIF4E 5 . We propose that MNK2 may be an attractive anti-cancer target and likely to have minimal side effects.
Herein, we tested MNK2 in NSCLC to observe the role of MNK2 for malignant development and progression. In our study, overexpression of MNK2 was frequently detected in primary NSCLC cases, which correlated with lymph node metastasis, and poor OS. Functional studies found that MNK2 increased cell motility, migration and invasion in vitro, and promoted tumor proliferation and metastasis in vivo. MEK and AKT Inhibitors PD 0325901 and BEZ 235, treated NSCLC cells to show that MNK2 and its response genes were downregulated in mRNA and protein levels. Silencing MNK2 resulted in decreased phosphorylation of eIF4E and 4EBP1. In NSCLC tissues, the expression of p-eIF4E was positively correlated with MNK2 in NSCLC tissues.
Results

Frequent overexpression of MNK2 in NSCLC. Expression of MNK2 was investigated by IHC with
MNK2 monoclonal antibodies by using NSCLC tissue microarray that contained 367 NSCLC tissues and 117 normal lung tissues, compared with normal lung epithelial, higher expression of MNK2 in cancer tissues (P < 0.001; Fig. 1a ). MNK2 was expressed in the cytoplasm. According to ROC curve analysis of MNK2 immunoreactivity, a score of MNK2 above the 3.5 cutoff value was defined as high expression, and high expression was found in 60.5% (222/367) of NSCLC tissues (Fig. 1a ). RT-PCR was used to detect the levels of MNK2 mRNA in NSCLC and normal bronchi epithelial (16HBE) cell lines. Compared with 16HBE, MNK2 was elevated in H460, A549, SPC-A-1, H520, and H1975 cell lines between 1.67-and 8.05-fold (*P < 0.05; **P < 0.01; Fig. 1b ).
Clinical significance of MNK2 overexpression in NSCLC.
In order to determine the correlation between MNK2 overexpression and NSCLC clinicopathological features, IHC data from 367 NSCLC cases were used. The results showed that MNK2 overexpression correlated with lymph node metastasis (P = 0.008; Table 1 ). Kaplan-Meier analysis showed that the OS rates of NSCLC patients were lower in those with high expression of MNK2 (P < 0.001); clinical stage and histology type were taken into consideration during stratification, higher MNK2 expression correlated with lower OS (P = 0.024) in stage I + II stratum, and higher MNK2 expression correlated with lower OS (P < 0.01) in stage III + IV and adenocarcinoma stratum ( Fig. 1c ). Multivariate Cox regression analysis demonstrated MNK2 overexpression as an independent prognostic factor for poor survival in patients with NSCLC (P = 0.003, Table 2 ). These findings suggested that MNK2 could play an important role in NSCLC proliferation and progression.
MNK2 could promote cell proliferation, clonogenicity, and tumor growth.
To test the function of MNK2 in NSCLC, the A549, H460, and H1975 cell lines were silenced by RNA interference. Cells were transfected with siRNA targeting MNK2 (siRNA-MNK2) or the negative control (siRNA-NC). The messenger RNA and protein levels of MNK2 were detected by qRT-PCR and Western bolt, respectively (**P < 0.01; Fig. 2a,b ). The tumorigenic effect of MNK2 was investigated by in vitro functional assays, including cell proliferation and foci formation assays. The results showed that the cell proliferation rate ( Fig. 2c ) and foci formation ( Fig. 2d ) were significantly decreased in siRNA-MNK2 cells (**P < 0 0.01) when compared with those in negative control cells.
We next investigated whether MNK2 silencing could reduce tumor growth in nude mice by stable transduction of lentiviral vectors containing shRNA targeting MNK2 (shRNA-MNK2) or empty vector as negative control (shRNA-NC). The result ( Fig. 2e ) showed that A549 cells transduced with shRNA-MNK2 inhibited tumor growth significantly compared with those transduced with shRNA-NC when measured from the 10 th day (*P < 0.05, **P < 0.01); moreover, the mean tumor weight was lower in cells transduced with shRNA-MNK2 than in those transduced with shRNA-NC (*P < 0.05). For NCI-H460 cell groups ( Fig. 2f ), tumor masses were less (6/7; 85.7%) and smaller in the shRNA-MNK2 group than in the shRNA-NC group. Unexpectedly, no significant difference was detected for tumor growth (P > 0.05) except on the 7 th day (*P < 0.05), and for tumor weight (P = 0.075).
MNK2 could inhibit cell apoptosis.
To determine whether MNK2 has an anti-apoptosis effect on NSCLC cells, we implemented a flow cytometry analysis. Annexin-V/PI dual staining in A549, NCI-H460 and NCI-H1975 cells, revealed that MNK2 knockdown with siRNA cause increase in cell apoptosis compared with which transfected with siRNA NC (**P < 0.01; Fig. 3a ).
MNK2 could promote cell migration, invasion and tumor metastasis. Clinical correlation analysis
found that MNK2 overexpression was associated with NSCLC lymph node metastasis, suggesting that MNK2 could confer tumor cells with migration and invasion abilities; thus, its role in cell migration and invasion was investigated by both in vitro and in vivo assays. To test MNK2 effect on tumor cell migration, siRNA targeting MNK2 (siRNA-MNK2) was transfected into A549, NCI-H460, and NCI-H1975 cell lines. Cell migration assay showed that siRNA-MNK2 cells could significantly decrease cell migration and invasion compared with siRNA-NC cells (**P < 0.01; Fig. 3b ).
To further determine the effect of MNK2 on tumor metastasis, in vivo metastasis assay was performed in nude mice; shRNA-MNK2 vectors or empty vectors as negative control (shRNA-NC) were stably transduced into A549 cells or NCI-H460 cells, which were then injected intravenously via tail vein. Four weeks later, tested mice were sacrificed and metastatic nodules formed on liver and lung surfaces were counted. In the hematogenous metastasis model, more nodules were observed on livers injected with shRNA-NC transduced A549 cells or NCI-H460 cells compared with those injected with shRNA-MNK2 cells (*P < 0.05, **P < 0.01, Fig. 3c,d) . No apparent nodules were observed on the lung surface.
MNK2 actives MNK2/4EBP1/eIF4E and ERK/MNK2/eIF4E pathway to promote NSCLC growth and metastasis.
TNFα, CCND1, HnRNPA1, SPRY2, eIF4E and MCL1 are MNK2 response genes [23] [24] [25] . To establish whether MNK2-regulated 4EBP1/eIF4E and ERK/eIF4E pathway promote tumor growth and metastasis in NSCLC, we used RT-PCR and western bolt analysis to measure mRNA and protein levels. A549, NCI-H460, and NCI-H1975were treated with PD 0325901 (5µM) or BEZ 235 (10µM) for 48h, and mRNA level of MNK2 response genes were detected by RT-PCR, the results showed that inhibit AKT or ERK both downregulate MNK2 and its response genes (**P < 0.01, Fig. 4a ). In order to test whether MNK2 could phosphorylate the AKT or ERK pathway, western bolt analysis showed that inhibiting ERK downregulate MNK2 and decrease phosphorylation of eIF4E, inhibiting AKT both downregulate MNK2 and inactive 4EBP1 and eIF4E ( Fig. 4b ). Silencing MNK2, mRNA level of MNK2 response genes were decreased compared with the negative control group in A549, NCI-H460, and NCI-H1975 cell lines (**P < 0.01, Fig. 4c ). Western bolt analysis revealed that 4EBP1 and eIF4E phosphorylation inactive when MNK2 was silenced by siRNA ( Fig. 4d ). Furthermore, we detected eIF4E and p-eIF4E in 174 matched cases of NSCLC tissues; the results showed that there was a significantly positive correlation between MNK2 and p-eIF4E (**P < 0.01, Fig. 4e ) but not eIF4E (P > 0.05; Fig. 4e ). 
Discussion
MNK2 has high basal activity because of the C termini, a striking feature of MNK2 that determines its ability to bind phosphorylated ERK 5 . Endogenous MNK1/2 kinases can enhance tumorigenesis associated with loss of Pten and are essential for eIF4E phosphorylation in transformed Pten-null cells in vivo 17 . MNK2 inhibition results in down-regulation of eIF4E phosphorylation that correlates with AKT/mTOR pathway stability and up-regulation 13 . In the present study, MNK2 overexpression was detected in 60.5% of NSCLC tissues, which was significantly correlated with lymph node metastasis (P < 0.01) and poor overall survival rate (P < 0.001). Furthermore, multivariate Cox regression analysis revealed MNK2 up-regulation as an independent prognostic factor for poor survival in patients with NSCLC.
One important question raised was the means by which MNK2 could function in NSCLC. It was reported that eIF4E is highly phosphorylated and overexpressed in some solid tumors, including NSCLC, prostate cancer, breast cancer, penile squamous cell carcinoma, where eIF4E phosphorylation correlates with poor survival and tumor progression 7-9, 11 . MNK2 mainly contributes to the basal and constitutive phosphorylation of eIF4E, as basal eIF4E phosphorylation levels were decreased in MNK2−/− mice 5 is phosphorylated by MNKs, where overexpression of phosphorylated eIF4E predicts poor survival and correlates with tumor progression 7 . In this study, we silenced MNK2 with siRNA in vitro, which showed that MNK2 could promote NSCLC cells proliferation, migration and invasion. Furthermore, we stably transduced lentiviral vectors containing shRNA targeting MNK2 in cancer cells; the results demonstrated that MNK2 could promote tumor growth and metastasis in vivo. Clinical correlation analysis also suggested that MNK2 overexpression was correlated with lymph node metastasis. Interestingly, MNK2 elevation particularly correlated with clinical stage III + IV and adenocarcinoma, indicating that MNK2 might play a role in lately progress of lung adenocarcinoma (P < 0.01). Another question raised was the mechanism by which MNK2 could promote tumor proliferation and metastasis. MNK1/2 phosphorylation of eIF4E on serine 209 involves anti-apoptotic activity enhancement, and eIF4E's oncogenic action promotes tumorigenesis, tumor development, and cell transformation 9, 10, 12, 13, 15, 16 . The correlation of p-eIF4E with disease grade, disease early-onset, and poor prognosis in pancreatic ductal adenocarcinoma depends on MNK2 phosphorylation of eIF4E. MNK1/2 depletion resulted in the proportionate decrease of serine 209-phosphorylated eIF4E protein that matched the decrease achieved by the depletion of eIF4E itself by using eIF4E-specific siRNA 26 . In prostate cancer cells, the relative activity of AKT/mTOR and MNK/eIF4E pathways are under a controlled balance; mTOR and MNK concomitant inhibition had higher suppression of prostate cancer cell cycle progression and cell proliferation than inhibition of only one of them via phosphorylated eIF4E 9 . Recent Supplementary Fig. S1 . (c) Cell proliferation rates of MNK2-silencing cells (siRNA-MNK2) and negative control cells were evaluated by CCK-8 assay. Results were expressed as mean ± SD of three independent experiments (*P < 0.05, **P < 0.01). (d) Foci formation assay was performed to compare the frequency of foci formation between siRNA-MNK2 and negative control cells. Results were expressed as mean ± SD of three independent experiments (**P < 0.01). (e) For A549 cell groups, tumor number and size of the shRNA-MNK2 group (n = 6) were less and smaller than those of the negative control group (n = 7). Detected tumor growth was significantly different (*P < 0.05, **P < 0.01). Tumor weights between each group were also compared (*P < 0.05). (f) For NCI-H460 cell groups, tumor number and size of the shRNA-MNK2 group (n = 6) were less and smaller than those of the negative control group (n = 7). However, no significant difference was detected for tumor growth (P > 0.05) except on the 7 th day (*P < 0.05). Tumor weights between the shRNA-MNK2 group and negative control group were also compared (P = 0.075). report showed that combination inhibited by MNK inhibitor CGP57380 and mTOR inhibitor RAD001 exert synergistic antitumor efficacy in NSCLC, demonstrated targeting both mTOR and MNK/eIF4E signaling pathways can enhance the treatment 27 . In the present study, inhibiting AKT or ERK by inhibitor both down-regulate MNK2 and reduced eIF4E phosphorylation. And silencing of MNK2 both reduced eIF4E and 4EBP1 phosphorylation. In NSCLC tissues, there were positive correlation of MNK2 and p-eIF4E. Thus, indicating that MNK2 promote NSCLC tumor growth and progression via 4EBP1/eIF4E and ERK/eIF4E pathway.
Recently, it was reported that cercosporamide is a potent MNK inhibitor, particularly for MNK2. In acute myeloid leukemia cells, MNK2 inhibited by cercosporamide could decrease phosphorylation of eIF4E on serine 209, and such an inhibitory effect correlated with suppression of leukemic cell proliferation in vitro. The phosphorylation of eIF4E on serine 209 was reduced in xenografted tumors treated with cercosporamide; the abrogation of eIF4E phosphorylation by cercosporamide could also be enhanced with rapamycin 28 . In addition, recent report shown that BAY 1143269, a novel MNK1 inhibitor, has a strongly efficacy in monotherapy in NSCLC both in vitro and in vivo, by regulating cell cycle regulation, apoptosis, immune response and EMT 29 . There is another MNK1 inhibitor, CG957380, abrogating rapalogs-induced EIF4E phosphorylation and AKT activation and increase apoptosis to inhibit growth of NSCLC in vitro and in vivo 27 . In pancreatic ductal adenocarcinoma, pharmacological inhibition of MNK activity synergistically enhanced the cytostatic effect of gemcitabine by promoting apoptosis. eIF4E phosphorylation is a general, long-lasting feedback response of pancreatic ductal adenocarcinoma cells to therapeutic treatments; inhibition of eIF4E phosphorylation enhances the cytostatic effect of therapeutic drugs, as demonstrated that MNK2 was required for resistance of pancreatic ductal adenocarcinoma cells to gemcitabine through the MNK/eIF4E pathway 30 . In our study, we inhibited ERK, the result showed that MNK2 response gene CCND1 was down-regulated in mRNA level. In order to test whether MNK2 has an apoptosis effect on NSCLC, apoptosis assay was used to demonstrate that silencing MNK2 increase cell apoptosis (P < 0.01). We demonstrated that silencing MNK2 can both inhibited NSCLC proliferation and metastasis. According to these results, we believe that up-regulation of MNK2 promotes tumor proliferation and metastasis via phosphorylated eIF4E in NSCLC, leading to poorer prognosis, later clinical stage, and higher chance of lymph node metastasis. More importantly, MNK2 depletion is essential for normal growth 5 . Inhibitors that target the frequently overexpressed oncogene MNK2 might elucidate the effective treatment of NSCLC with fewer side effects in the future.
Overall, MNK2 promotes tumor proliferation, migration, invasion and metastasis in NSCLC in vitro and in vivo via 4EBP1/eIF4E and ERK/eIF4E pathway. MNK2 has therapeutic potential against NSCLC progress. Further experiments are needed to elucidate the mechanism of MNK2, interaction of MNK2, and chemotherapeutics for NSCLC. Cell lines and cell culture. NSCLC cell lines (A549, NCI-H460, SPC-A-1, NCI-H1650, NCI-H520, NCI-H1975) and normal bronchi epithelial cell line (16HBE) were kindly provided by professor J.H.J. (State Key Laboratory of Respiratory Disease, Guangzhou). They were incubated in RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibco, Grand Island, New York), 100 units/ml of penicillin, and 100 µg/ml of streptomycin. All cells were maintained in a humidified incubator (37 °C, 5% CO 2 ).
Materials and Methods
RNA isolation, cDNA synthesis, and real-time polymerase chain reaction (RT-PCR). Total RNA was isolated using Trizol reagent (Invitrogen). cDNA was synthesized using MultiScribe Reverse Transcriptase (ABI, Calsbad, CA). RT-PCR was carried out using SYBR Green QPCR Master Mix (Stratagene, USA) with the MX3000P Real-Time PCR system (Stratagene, Santa Clara, California). All primers for amplification were purchased from GenePharma (Shanghai, China). GAPDH gene was amplified as an internal control. The relative expression was calculated using the relative quantification equation, RQ = 2 −ΔΔCT 24 .
Reagents and antibodies.
Antibodies used for immunoblots were MNK2 (1:300 dilution; Abcam), eIF4E Cell proliferation assay. For cell proliferation assay, cells were transfected with siRNA specific for MNK2 (siRNA-MNK2) or negative control (siRNA-NC) Genepharma, shanghai, China) 48 hours before the experiment, and cells were then seeded onto a 96-well plate at 2 × 10 3 cells per well. Cell proliferation rates were evaluated by the CCK-8 kit assay (Dojindo, Japan) according to the manufacturer's instructions. Three independent assays were performed.
Foci formation assay. For foci formation assay, cells were transfected with siRNA specific for MNK2 (siRNA-MNK2) or negative control (siRNA-NC) (Genepharma, China) 48 hours before the experiment; 500 cells were plated in 6-well plates for 10 days. Surviving colonies were then visualized by 1% crystal violet staining, and colonies with no less than 50 cells/colony were counted. Three independent experiments were performed.
Transwell migration and invasion assays. Cells suspended in serum-free RPMI-1640 were seeded into chambers with an 8-mm microporous filter (Becton Dickson Labware, Bedford, MA) to observe migration. Cells were also suspended in RPMI-1640 with free fetal bovine serum into chambers with matrix gel (Corning, New York, USA) to observe invasion. After 30 hours, cells were fixed, stained, and counted. Three independent experiments were performed.
Xenograft formation assay. Cells were classified as stable MNK2-inhibition (shRNA-MNK2) or negative control (shRNA-NC). A549 cells (shRNA-MNK2 or shRNA-NC) (1 × 10 6 cells per mice) or NCI-H460 cells (shRNA-MNK2 or shRNA-NC) (3 × 10 6 cells per mice) were injected subcutaneously into the dorsal right flank of 5-to 6-week-old BALB/c nude mice (n = 7 per group). For A549 cell groups, tumor diameter and width were measured every 3-4 days from the 10 th day after inoculation until the 28 th day. For NCI-H460 cell groups, tumor sizes were measured every 3 days from the 7 th day after inoculation until the 28 th day. The tumor volume was calculated by the formula, V = 0.5 × L × W 2 . The Animal Experimentation Ethics Committee of Guangzhou Medical University approved experiments on animals.
In vivo metastasis assay. For in vivo metastasis assays, 1 × 10 6 stably transduced cells (shRNA-MNK2 or shRNA-NC) were injected intravenously through the tail vein into 4-to 5-week-old BALB/c nude mice (6 mice for NCI-H460 group and 5 mice for A549 group). The mice were sacrificed 4 weeks later, and the intrahepatic metastatic nodules were carefully examined and counted. The Animal Experimentation Ethics Committee of Guangzhou Medical University approved experiments on animals. We confirmed that all experiments were performed in accordance with relevant guidelines and regulations.
IHC staining and selection of cutoff score. IHC staining was performed using the standard streptavidin-biotin-peroxidase complex method. Paraffin NSCLC tissues and normal lung tissues were cut into 5-µm sections that were deparaffinized and incubated with MNK2, eIF4E, and p-eIF4E polyclonal antibodies (1:200 dilution, Abcam) overnight at 4 °C. Tissue sections were then incubated with biotinylated goat anti-rabbit immunoglobulin at a concentration of 1:75 at 37 °C for 30 min. Finally, the sections were developed with diaminobenzidine (DAB). Three pathologists (Q.N.W., S.Y.X., and Y.Z.) independently assessed the slides without knowledge of clinicopathologic data. Variant cases were reviewed and discussed until a consensus was obtained. Five areas were selected at random and scored. The percentage of tumor cells with positive staining was determined at high magnification (x200). The scores for percentage of positive cells (<5%, 0; 5-25%, 1; 25-50%, 2; 50-75%, 3; >75%, 4) and the intensity of positive staining (negative, 0; weak, 1; moderate, 2; or strong, 3) were determined as previously described 33, 34 . Receiver operating characteristic (ROC) curve analysis was performed to determine the cutoff score for a "high expression" designation with the 0, 1-criterion implemented in SPSS statistical software.
Statistical analysis. Data were expressed as mean ± SD. t-tests were used to analyze the significance of differences. The correlation between MNK2 expression and clinicopathological features of NSCLC patients was analyzed by the χ 2 test. Survival curves were generated according to the Kaplan-Meier method, and statistical analysis was performed using the log-rank test. The Cox proportional hazards regression model was used to identify independent prognostic factors. Pearson's correlation was applied to compare the expression between MNK2 and eIF4E or P-eIF4E. All statistical analyses were performed using statistical software (SPSS 19.0 for Windows; SPSS Inc., Chicago, IL). Differences were considered significant when P < 0.05.
